Hutchison RM, Gallivan JP, Culham JC, Gati JS, Menon RS, Everling S. Functional connectivity of the frontal eye fields in humans and macaque monkeys investigated with resting-state fMRI. J Neurophysiol 107: 2463-2474, 2012. First published February 1, 2012 doi:10.1152/jn.00891.2011.-Although the frontal eye field (FEF) has been identified in macaque monkeys and humans, practical constraints related to invasiveness and task demands have limited a direct cross-species comparison of its functional connectivity. In this study, we used resting-state functional MRI data collected from both awake humans and anesthetized macaque monkeys to examine and compare the functional connectivity of the FEF. A seed region analysis revealed consistent ipsilateral functional connections of the FEF with fronto-parietal cortical areas across both species. These included the intraparietal sulcus, dorsolateral prefrontal cortex, anterior cingulate cortex, and supplementary eye fields. The analysis also revealed greater lateralization of connectivity with the FEF in both hemispheres in humans than in monkeys. Cortical surface-based transformation of connectivity maps between species further corroborated the remarkably similar organization of the FEF functional connectivity. The results support an evolutionarily preserved frontoparietal system and provide a bridge for linking data from monkey and human studies.
ELECTROPHYSIOLOGICAL RECORDING, microstimulation, pharmacological inactivation, lesion, and tracer studies in macaque monkeys are widely used to understand human brain function, based on a presumed homology of the neuroanatomy. One system intensively studied with these invasive techniques is the network of cortical and subcortical areas that control saccadic eye movements (Johnston and Everling 2008; Wurtz and Goldberg 1989) . More recently, noninvasive functional imaging studies have started to investigate this same system in human subjects. Among the cortical areas that are involved in saccade control, a region in the frontal cortex, known as the frontal eye field (FEF), has been identified in both macaque monkeys and humans (Bruce et al. 2004; Johnston and Everling 2011; Paus 1996; Schall 1997; Wurtz and Goldberg 1989) .
In macaques, the FEF has been localized to the anterior bank of the arcuate sulcus . A homologous area has been identified by functional MRI (fMRI) studies in the ventral branch of the superior precentral sulcus in humans (Amiez et al. 2006; Brown et al. 2004; Ford et al. 2005; Luna et al. 1998; Paus 1996) . Tracer and electrophysiological studies in macaques have demonstrated connections of FEF neurons with frontal and posterior cortical areas, including the dorsolateral prefrontal cortex (DLPFC), supplementary eye field (SEF), anterior cingulate cortex (ACC), lateral intraparietal area (LIP), medial temporal visual area (MT), and area V4 (Barbas and Mesulam 1981; Bates and Goldman-Rakic 1993; Huerta et al. 1987; Stanton et al. 1993 Stanton et al. , 1995 Wang et al. 2004) . This is consistent with functional imaging studies in humans, which have shown that the FEF is coactivated with putative homologous fronto-parietal areas during the performance of saccade and attention tasks (Brown et al. 2007; Curtis et al. 2004; Desouza et al. 2003; Hon et al. 2006; Luna et al. 1998) .
Despite considerable progress in the mapping of functional neuroanatomy of the FEF in macaques and humans, a direct delineation, and therefore comparison, of homologous regions has remained elusive because of the use of different mapping techniques. Electrophysiological identification and tracer studies are not practical in normal human subjects, while taskbased fMRI studies in macaques are challenging because of long behavioral training requirements and task compliance issues (Gamlin et al. 2006) . While a few studies have performed fMRI of behaving monkeys during saccade tasks, these studies have only found activations in a subset of cortical and subcortical areas previously shown to be connected with the FEF (Baker et al. 2006; Ford et al. 2009; Kagan et al. 2010; Koyama et al. 2004) . Therefore, methodological approaches applicable to monkeys and humans are necessary to determine the degree of homology between these two primate species.
In the present investigation, we used resting-state fMRI (RS-fMRI) to examine and compare the functional connectivity of the FEF in both macaque monkeys and humans. RSfMRI measures the correlations of slow blood oxygenation level-dependent (BOLD) oscillations between distinct brain areas in the absence of any task paradigm (Biswal et al. 1995) . The low-frequency fluctuations (LFFs; 0.01-0.1 Hz) of the BOLD signal have been shown to reflect anatomical connectivity (Greicius et al. 2009; Honey et al. 2009; Vincent et al. 2007) and are presumed to be a hemodynamic manifestation of slow fluctuations in neuronal activity Shmuel and Leopold 2008) . RS-fMRI has been shown to provide reliable connectivity maps in humans (Beckmann et al. 2005; Damoiseaux et al. 2006 ) and nonhuman primates (Hutchison et al. 2011a (Hutchison et al. , 2011b Vincent et al. 2007 ). Importantly, the technique circumvents the practical limitations of the other previously mentioned methodol-ogies and can be compared directly between humans and monkeys. Our results demonstrate remarkable homologous functional FEF connectivity between humans and macaques.
METHODS
Human participants. Data were obtained from 12 right-handed volunteers (mean age ϭ 26.2 yr; 8 men, 4 women) who were recruited from the University of Western Ontario. Signed informed consent was obtained in accordance with procedures approved by the University of Western Ontario Health Sciences Research Ethics Board.
Data acquisition and preprocessing for human subjects. Imaging was performed on a 3-T Siemens TIM MAGNETOM Trio MRI scanner. For each participant, 1 run of 360 continuous functional volumes was collected with a T2*-weighted single-shot gradient-echo echo-planar imaging (EPI) acquisition sequence with interleaved slice order [repetition time (TR) ϭ 2,000 ms; slice thickness ϭ 3.5 mm; in-plane resolution ϭ 3 mm ϫ 3 mm; echo time (TE) ϭ 30 ms; field of view (FOV) ϭ 240 mm ϫ 240 mm; matrix size ϭ 80 ϫ 80; flip angle ϭ 90°] with a 32-channel receive-only head coil. Each volume was made up of 34 contiguous (no gap) axial-oblique slices acquired at a ϳ30°caudal tilt with respect to the plane of the anterior and posterior commissure (AC-PC), providing near whole brain coverage. Acquisition time of each scan was 12 min. Subjects were instructed to rest with eyes open while fixating at a central location. A T1-weighted anatomical image was collected with an MPRAGE sequence (TR ϭ 2,300 ms; TE ϭ 2.98 ms; FOV ϭ 192 mm ϫ 240 mm ϫ 256 mm; matrix size ϭ 192 ϫ 240 ϫ 256; flip angle ϭ 9°; acquisition voxel size ϭ 1 ϫ 1 ϫ 1 mm).
All preprocessing was implemented with the FMRIB Software Library toolbox (FSL; http://www.fmrib.ox.ac.uk) and included slice time correction for interleaved acquisitions (using Fourier-space time-series phase shifting), motion correction (6-parameter affine transformation), brain extraction, spatial smoothing [Gaussian kernel of full width at half-maximum (FWHM) 6 mm applied to each volume separately], high-pass temporal filtering (Gaussian-weighted leastsquares straight line fitting with ϭ 100 s), low-pass temporal filtering [half-width at half-maximum (HWHM) ϭ 2.8 s, Gaussian filter], and normalization [12-degrees of freedom (DOF) linear affine transformation] to the standard 152-brain MNI template (voxel size ϭ 2 ϫ 2 ϫ 2 mm). Global mean signal removal was not applied.
Statistical analysis for functional connectivity in human subjects. Spherical seeds (radius ϭ 5 mm, volume ϭ 524 mm 3 ) were placed at the junction of the superior frontal sulcus and the anterior bank of the precentral sulcus in the left and right hemispheres in MNI atlas space (Fig. 1A) , an area corresponding to the FEF in humans (Amiez et al. 2006; Brown et al. 2004; Ford et al. 2005; Luna et al. 1998; Paus 1996) . The mean time course for the bilateral seed regions was extracted for every subject. The extracted time courses of both seeds were then used as predictors in a model for multiple regression at the individual subject level in which nuisance covariates for white matter, cerebrospinal fluid, and six motion parameters were included. This was followed by a fixed-effects group-level analysis between subjects. A fixed-effects, instead of random-effects, analysis was used to remain consistent with the monkey analysis (see below). Corrections for multiple comparisons were implemented at the cluster level with Gaussian random field theory (z Ͼ 3.7; cluster significance: P Ͻ 0.05, corrected). The group-level analysis produced thresholded z-statistic maps showing brain regions significantly correlated with each FEF seed region across all subjects. The group z-scores were projected from volume data to the PALS-B12 cortical surface (Van Essen 2005) with the CARET (http://www.nitrc.org/projects/caret) enclosedvoxel method (Van Essen et al. 2001) .
Macaque monkeys. All surgical and experimental procedures were carried out in accordance with Canadian Council of Animal Care policy on the use of laboratory animals and were approved by the Animal Use Subcommittee of the University of Western Ontario Council on Animal Care. Data were collected from six macaque monkeys (Macaca fascicularis; 2 males, 4 females) whose weights ranged from 3.6 to 5.3 kg (mean Ϯ SD ϭ 4.58 Ϯ 1.4 kg). Prior to the imaging experiments, an MRI-compatible custom-built acrylic head post was anchored to the skull with 6-mm ceramic bone screws (Thomas Recording, Giessen, Germany) and dental acrylic that served to restrain the head during image acquisition. In preparation for image acquisition, each monkey received intramuscular injections of atropine (0.4 mg/kg), ipratropium (0.025 mg/kg), and ketamine hydrochloride (7.5 mg/kg), followed by intravenous administration of 3 ml of propofol (10 mg/ml) via the saphenous vein. Anesthesia was then maintained with 1.5% isoflurane mixed with oxygen following oral intubation with an endotracheal tube. Animals were spontaneously ventilating throughout the duration of scanning. The monkey was then placed in a custom-built monkey chair with its head immobilized with the head post and inserted into the magnet bore, at which time the isoflurane level was lowered to 1%. Physiological parameters were continuously monitored throughout the duration of scanning [rectal temperature via a fiber-optic temperature probe (FISO, Quebec City, QC, Canada) ϭ 36.5°C; respiration via bellows (Siemens, Union, NJ) ϭ 25-30 breaths/min; end-tidal CO 2 via capnometer (CovidienNellcor, Boulder, CO) ϭ 24 -28 mmHg]. Animal body temperature was maintained with a heating disk (Snugglesafe, Littlehampton, UK) and thermal insulation.
Anesthesia was used to eliminate motion, physiological stress, and training requirements of the animals. Although isoflurane has been shown to have vasodilator properties (Farber et al. 1997 ) that can potentially affect cerebrovascular activity, consistent resting-state network connectivity has been robustly reported in previous studies, including those using this same data set, using an isoflurane regime in monkeys (Hutchison et al. 2011a (Hutchison et al. , 2011b Vincent et al. 2007) .
Data acquisition and preprocessing for monkeys. Data were acquired on an actively shielded 7-T 68-cm horizontal bore scanner with a DirectDrive console (Agilent, Santa Clara, CA) with a Siemens AC84 gradient subsystem (Erlangen, Germany) operating at a slew rate of 350 mT·m Ϫ1 ·s Ϫ1 . An in-house designed and manufactured conformal five-channel transceive primate-head RF coil was used for all experiments. Magnetic field optimization (B 0 shimming) was performed with an automated three-dimensional mapping procedure (Klassen and Menon 2004) over the specific imaging volume of interest. For each monkey, 2 runs of 300 continuous EPI functional volumes (TR ϭ 2,000 ms; TE ϭ 16 ms; flip angle ϭ 70°; slices ϭ 30; matrix ϭ 72 ϫ 72; FOV ϭ 96 ϫ 96 mm; acquisition voxel size ϭ 1.3 mm ϫ 1.3 mm ϫ 1.5 mm) were acquired. Acquisition time of each scan was 10 min. EPI images were acquired with GRAPPA at an acceleration factor of 2. Every image was corrected for physiological fluctuations with navigator echo correction. A high-resolution T2-weighted anatomical reference volume was acquired along the same orientation as the functional images with a turbo spin echo acquisition scheme (TR ϭ 5,000 ms; TE ϭ 38.6 ms; echo train length ϭ 5, effective echo ϭ 3, slices ϭ 30, matrix ϭ 256 ϫ 250; FOV ϭ 96 ϫ 96 mm; acquisition voxel size ϭ 375 m ϫ 384 m ϫ 1.5 mm).
Image preprocessing was implemented in a similar fashion as carried out with the human data with the FSL toolbox. This consisted of motion correction (6-parameter affine transformation), brain extraction, spatial smoothing (spatial smoothing using a Gaussian kernel of FWHM 3 mm applied to each volume separately), high-pass temporal filtering (Gaussian-weighted least-squares straight line fitting with ϭ 100 s), low-pass temporal filtering (HWHM ϭ 2.8 s, Gaussian filter), and normalization (12-DOF linear affine transformation) to the F99 atlas template (van Essen 2004; see http://sumsdb. wustl.edu/sums/macaquemore.do). Global mean signal removal was not applied.
Statistical analysis for functional connectivity for monkey data. Spherical seeds (radius ϭ 1.5 mm, volume ϭ 14.14 mm 3 ) were placed in the anterior bank of the arcuate sulcus of the left and right hemispheres in F99 atlas space (Fig. 1B) , an area corresponding to the FEF in monkeys , previously shown to reveal the resting-state oculomotor network of the anesthetized macaque (Hutchison et al. 2011a) .
Statistical analysis was then carried out in a manner similar to that for the human data albeit with the inclusion of an additional fixedeffects analysis prior to the group-level analysis to calculate the significantly connected voxels shared between the two scans acquired per monkey. Corrections for multiple comparisons were implemented at the cluster level with Gaussian random field theory (z Ͼ 2.3; cluster significance: P Ͻ 0.05, corrected). The group-level analysis produced thresholded z-statistic maps showing brain regions significantly correlated with the FEF seed region across all animals. The group z-scores were projected from volume data to the F99 cortical surface with the CARET enclosed-voxel method (Van Essen et al. 2001) . A cluster threshold of 25 mm 2 was applied to all surface maps. Surface-based monkey-human registration. Landmark-based interspecies registration (Denys et al. 2004; Orban et al. 2004; Van Essen 2005; Van Essen and Dierker 2007) was carried out with the CARET software package. These included 23 previously identified areas ) encompassing early visual areas (V1, V2, and MT) and other primary sensory areas (A1, olfactory cortex, gustatory cortex, and the border between areas 3 and 4), the hippocampus, the olfactory sulcus, and additional landmarks along the natural boundary of cortex on the medial wall of the hemisphere. The previously identified human FEF landmark was moved to the junction of the superior frontal sulcus and precentral sulcus, as there is consistent evidence from human fMRI studies that this is the most likely location of the FEF in humans (Amiez et al. 2006; Brown et al. 2004; Ford et al. 2005; Luna et al. 1998; Paus 1996) . We also included three additional landmark areas in the frontal cortex that we identified in the resting-state maps in both humans and macaques: DLPFC, cingulate eye field (CEF), and SEF. Landmark borders were projected onto spherical maps, and registration was carried out. The process utilizes an algorithm that deforms one spherical map to another, thereby bringing the a priori defined macaque landmarks into register with the human landmarks while minimizing shear and areal distortion in the intervening regions ). The inverse deformation (human to monkey) was also calculated.
To quantify the similarity of FEF network patterns between species, the correlation coefficient of the connectivity maps between both directions of transformation was calculated both with the original landmarks ) and with addition of the new landmarks. The spatial correlation was calculated on the thresholded whole-brain voxel z-scores of both species (macaque: z ϭ 2.3, human: z ϭ 3.7).
RESULTS
Resting-state functional connectivity of frontal eye fields in humans. We placed spherical seeds at the junction of superior frontal sulcus and precentral sulcus in both hemispheres (Fig. 2) , corresponding to the location of the FEF in humans as identified by previous task-based fMRI experiments (Amiez et al. 2006; Brown et al. 2004; Ford et al. 2005; Luna et al. 1998; Paus 1996) . A higher lower-bound threshold was used for humans to account for the greater number of subjects and to allow for more accurate localization of functionally connected areas. In addition to strongly correlated areas near the seed regions, we also found significant connectivity between the FEF and the inferior frontal sulcus, central sulcus, postcentral sulcus, and parieto-occipital sulcus, as well as extensive correlated activity in the intraparietal sulcus in the same hemisphere as the seed region ( Fig. 2A) . On the medial wall of the ipsilateral hemisphere, we found significant connectivity anterior to the central sulcus in the superior frontal cortex and in the caudal ACC ( Fig. 2A) . Furthermore, we observed strongly correlated activity in the precuneus. Weak negatively correlated activity was found in the occipital cortex ( Fig. 2A) . Positively correlated network connectivity was also found at the junction of superior frontal sulcus and precentral sulcus in the contralateral hemisphere (Fig. 3, A and B) . Moreover, the putative FEF seed in the right hemisphere was also positively correlated to activity in the left intraparietal sulcus and inferior frontal sulcus (Fig. 3B) . Figure 4A shows the correlated functional connectivity for the right hemisphere on a flat map with superimposed borders of Brodmann areas (Brodmann 1909) . In addition to correlated activity close to the location of the seed in Brodmann area 6 (Fig. 4) , positively correlated activations were centered in area 44, area 46, the medial junction of area 6 and area 8, area 24, and area 7.
In Figure 5A , we have superimposed a cytoarchitectonic map of the lateral surface of the frontal lobe according to the segmentation of Pandya (1999, 2002) on the functional connectivity for the left hemisphere. According to this cytoarchitectonic map, the strongest functional connectivity was found between FEF and area 9/46v and area 44. The connectivity of FEF with area 46 was much weaker.
Resting-state functional connectivity of frontal eye fields in macaques. In macaques, we placed the seeds in the left and right anterior bank of the arcuate sulcus, corresponding to the location of the FEF in macaque monkeys ; Fig. 3B ). In addition to positively correlated activity near the seed region, significant functional connectivity was also found in the posterior portion of the principal sulcus, extending in the dorsal direction to the midline, in the cortex immediately ventrolateral to the principal sulcus, in the cortex posterior to the inferior limb of the arcuate sulcus, intraparietal sulcus, parieto-occipital sulcus, lunate sulcus, dorsal part of the inferior parietal lobule, in the lower bank of the superior temporal sulcus, and in the cortex posterior to the superior temporal sulcus of the ipsilateral hemisphere. On the medial wall of the ipsilateral hemisphere, regions within the cingulate sulcus, posterior cingulate cortex, and the cortex in and around the splenial sulcus showed synchronous BOLD fluctuations with the FEF seed. We also observed similar positively correlated cortical areas in the contralateral hemispheres.
To further delineate the functional connectivity of the FEF in macaques, we projected the functional connectivity maps for the right hemisphere on a flat cortical representation with superimposed cortical macaque areas (Felleman and Van Essen 1991) (Fig. 4B) . Positively correlated connectivity patterns were observed in frontal areas FEF, area 46, area 9, area 6, area 24, and area 4. Furthermore, a large number of posterior areas were positively correlated with the FEF seed. They included the ventral intraparietal area (VIP), LIP, area V1, area 7a, area 7b, MT area, medial superior temporal area (MST), area V4, medial intraparietal area (MIP), medial dorsal parietal (MDP) area, parieto-occipital area (PO), area 5, area 23, area 29, area 30, V2, and V3, TEO, and TE.
As in the human maps, we also superimposed the architectonic map of the lateral surface of the frontal lobe of the macaque monkey according to Pandya (1999, 2002) on the functional connectivity for the left hemisphere (Fig. 5B) . Strong positively correlated activity can be seen in Note that the thresholded z-scores differ between human and monkey maps. as, Arcuate sulcus; cas, calcarine sulcus; cis, cingulate sulcus; cs, central sulcus; hs, hippocampal sulcus; ifs, inferior frontal sulcus; ios, inferior occipital sulcus; ls, lateral sulcus; lus, lunate sulcus; mfs, middle frontal sulcus; pocs, posterior central sulcus; pos, parieto-occipital sulcus; prcs, precentral sulcus; ps, principal sulcus; sfs, superior frontal sulcus; sts, superior temporal sulcus.
areas 6 and 9/46 and in dorsal portion of area 44. Very little functional connectivity was observed in area 46.
Surface-based macaque-human registration. To directly compare the functional resting-state connectivity maps of the FEF between humans and macaque monkeys, we registered the human map to the macaque brain and vice versa (see METHODS for details). We initially utilized an existing deformation matrix, which is based on 23 landmarks (Fig. 6A) in the macaque and human brain . Figure 6B depicts the projection of the right macaque functional FEF connectivity map onto the flattened right human cortex, and Fig. 6C shows the right human FEF functional connectivity map projected onto the flattened right macaque cortex. Overall, the human and macaque FEF connectivity maps showed good correspondence when they were projected on the brain of the other old-world primate species (Table 1) . However, there were also a number of areas that were clearly not mapped properly. For example, the macaque SEF has been localized to the dorsomedial cortex to the FEF in area 6, consistent with correlated activity in this area in the macaque FEF connectivity map (Fig.  4B) . In contrast, the human SEF was mapped to the dorsal bank of the cingulate sulcus in macaques. Furthermore, the macaque FEF connectivity map showed strong correlated activity in and around the principal sulcus, which was missing in the projection of the human map onto the macaque map. To improve the mapping in the frontal cortex between humans and macaques, we updated and extended the original deformation matrix . First, we found that the correlated activity around the FEF seed region in humans was located more anterior than the original FEF landmark. Therefore, we repositioned the human FEF landmark in the center of the correlated activity around the FEF seed region in the medial-dorsal axis. Furthermore, we added three additional landmarks in the frontal lobe: SEF, CEF, and a landmark within the DLPFC (Fig. 6D) . These landmarks represent putative homolog regions in humans and macaques that exhibited strong connectivity with the ipsilateral FEF seed (Fig. 4) . The SEF landmark was placed along the anterior-posterior axis within the strong connectivity in the medial wall dorsal to the cingulate sulcus in humans and within the correlated activity dorsomedial to the arcuate sulcus in monkeys. The CEF landmark was placed along the anterior-posterior axis within the strong correlated activity ventral and anterior to the SEF in the cingulate sulcus in humans and in monkeys. The DLPFC landmark was placed along the anterior-posterior axis within the correlated activity in the middle frontal gyrus in humans and in and around the posterior part of the principal sulcus in monkeys. The modified mapping is shown for right macaque cortex onto right human cortex in Fig. 6E and for right human cortex onto right macaque cortex in Fig. 6F . The modified mapping resulted in a better correspondence between the human and monkey FEF connectivity maps in the frontal lobe (Table 1 ). Figure 7A displays the projection of the macaque FEF connectivity map onto an inflated rendering of the human cortex, and Fig. 7B shows the projection of the human FEF connectivity onto the inflated macaque cortex. Overall, the human and macaque FEF connectivity maps show good correspondence when they are projected on the brain of the other old-world primate species. Notable differences include a larger positive correlation of FEF with the cortex in superior frontal gyrus in the macaque-tohuman map than in the human map and a stronger positive correlation in the intraparietal sulcus in the human-to-macaque map than in the macaque map. Furthermore, the overall zscores of the functional connectivity maps were higher for the 12 awake human subjects than the 6 anesthetized macaque monkeys, likely owing to the sample size discrepancy and the effects of anesthesia on cerebrovascular activity (Vincent et al. 2007 ).
DISCUSSION
Although saccadic eye movements are the best-understood motor system in humans and macaque monkeys, few studies have attempted to directly compare the organization of the saccade network between these two old-world primate species (Koyama et al. 2004 ). Here we employed RS-fMRI to directly compare the functional connectivity of the FEF in humans and macaques. The results show that the human and macaque FEF exhibit similar patterns of functional connectivity with frontal and parietal cortical areas, a finding that supports the use of macaque monkeys as a useful model for the study of human oculomotor function (Wurtz 1996) and strengthens the hypothesis that the strong fronto-parietal connectivity is a preserved network between macaques and humans (Preuss 2007) . By identifying the anatomical location of several putative homolog areas in the frontal lobe, we refined an existing transformation matrix between human and macaque brains , which allowed us to project the FEF connectivity maps for humans onto the macaque brain and vice versa. The improved interspecies mapping demonstrates a high degree of homology between the functional connectivity of the FEF in humans and macaques.
Selection of FEF seeds in macaques and humans. A valid comparison of the functional connectivity between macaques
and humans relies on the correct anatomical identification of the homologous functional area for the seed-based RS-fMRI analysis. The advantage of the FEF is that this frontal cortical area is well defined in both species. In macaques, the FEF has been localized by microstimulation and recording studies to an area deep in the anterior bank of the arcuate sulcus and in its fundus Johnston and Everling 2011; Schall 1997) . The location has been confirmed by fMRI studies in monkeys, although these studies show a larger extension of this area into the posterior bank of the arcuate sulcus (Baker et al. 2006; Kagan et al. 2010; Koyama et al. 2004 ). More recently, human imaging studies have identified a region at the junction of the precentral sulcus and superior frontal sulcus that appears to be homologous to the FEF in monkeys (Amiez et al. 2006; Brown et al. 2004; Ford et al. 2005; Luna et al. 1998; Paus 1996) . Indeed, a Pandya 1999, 2002) . A: the frontal portion of the human (N ϭ 12) lateral surface of the left hemisphere (ipsilateral to seed) is shown overlaid with thresholded z-score maps normalized to the space of the PALS-B12 template (Van Essen 2005). Black lines and area labels are based on the work of Pandya (1999, 2002) . Asterisks indicate the location of the FEF seeds. B: same as A but for FEF in monkeys (N ϭ 6) in the space of the F99 template . Note that the thresholded z-scores differ between human and monkey maps. task-based fMRI study in macaques and humans found the highest selectivity for saccade direction at the junction of the precentral and superior sulci in humans and in the arcuate sulcus in macaques (Koyama et al. 2004 ). These studies support the placement of our FEF seeds for the RS-fMRI connectivity analysis in the anterior bank of the arcuate sulcus in macaques and at the junction of the precentral sulcus and superior frontal sulcus in humans.
Functional connectivity of FEF with frontal cortical areas. Overall, the data show that the resting-state BOLD signal in the macaque FEF of both hemispheres was functionally connected with multiple frontal cortical areas. This included a region in the dorsomedial cortex, corresponding to the location of the SEF (Schall 1991; Schlag and Schlag-Rey 1987) , an area concentrated around the posterior part of the principal sulcus where area 8 lies (most posterior tip of the principal sulcus) and also adjacent area 9/46 (Petrides and Pandya 1999), corresponding to portions of the DLPFC (Fuster 1991; Miller and Cohen 2001) and an area in the dorsal bank of the rostral cingulate cortex. We have tentatively labeled the cingulate area the cingulate eye fields (CEF) (Wang et al. 2004) , although the functional properties of neurons in this area have not been thoroughly studied. Moreover, we found positively correlated activity in the ventral premotor cortex immediately caudal to the arcuate sulcus and in the depth of the lower limb of the arcuate sulcus, where area 44 lies Petrides et al. 2005) . This pattern of correlated activity is in good agreement with previous anatomical tracer studies in macaques (Bates and Goldman-Rakic 1993; Huerta et al. 1987; Stanton et al. 1993 Stanton et al. , 1995 Wang et al. 2004 ). Injections of tracers in the FEF have been shown to result in labeled neurons in the dorsomedial prefrontal cortex, dorsal to the upper limb of the arcuate sulcus (Huerta et al. 1987; Stanton et al. 1993) , in the DLPFC along the principal sulcus in both banks and in the fundus (Huerta et al. 1987; Stanton et al. 1993) , in the posterior wall of the arcuate sulcus (Stanton et al. 1993) , and in the inferior dorsolateral cortex (Huerta et al. 1987; Stanton et al. 1993) . Moreover, Huerta et al. (1987) also found labeled neurons in ventral premotor cortex. While Stanton et al. (1993) did not find any connectivity of FEF with cingulate cortex, several other studies have found connections with one or two distinct cingulate regions (Barbas and Mesulam 1981; Bates and Goldman-Rakic 1993; Huerta et al. 1987; Wang et al. 2004 ). Wang and colleagues (2004) injected tracers in the FEF and identified retrograde labeled neurons in two foci, which they labeled the rostral and caudal CEFs. The good anatomical correspondence between the FEF RS-fMRI connectivity map in macaques and these traditional tracer studies supports the hypothesis that RS-fMRI reflects, at least in part, anatomical connectivity.
In human subjects, we found positive correlations with the FEF seeds in four distinct frontal areas. In the lateral prefrontal cortex, we observed one positively correlated area concentrated on the middle frontal gyrus, corresponding to area 9/46v , and another one in the dorsal portion of area 44 . Area 46, which lies anterior to the pars triangularis and above the anterior end of the inferior frontal sulcus on the middle frontal gyrus and middle frontal sulcus, displayed only weak functional connectivity with FEF. The other two foci were located along the medial wall: one in Brodmann areas 6 and 8 and the other one in area 24.
On the basis of the spatial relationship of these foci and previous task-based fMRI studies in humans, we propose the following homologies between humans and macaques: Activation of the middle frontal gyrus corresponds to activation along the principal sulcus in macaques, i.e., portions of the DLPFC; activation in human Brodmann areas 6 and 8 on the medial wall corresponds to activation in dorsomedial frontal cortex, i.e., SEF, in macaques; and activation in humans in Brodmann area 24 corresponds to the location of the rostral CEF in the dorsal bank of the anterior cingulate sulcus in macaques. When Correlation calculated between thresholded whole-brain functional connectivity maps (P Ͻ 10 20 , P value corrected for multiple comparisons with Bonferroni correction). Fig. 7 . Registration of resting-state functional connectivity maps between macaques and humans. A: dorsal view of the macaque (left) and human (right) cortical surface. Superimposed are the thresholded z-score maps of macaques normalized to the F99 macaque brain (left) and transformed to the space of the human PALS-B12 template (right). B: dorsal view of the human (left) and macaque (right) cortical surface. Superimposed are the thresholded z-score maps of humans normalized to the PALS-B12 human template (left) and transformed to the space of the F99 macaque template (right).
we revised the location of the FEF in the CARET transformation matrix ) and included the DLPFC, SEF, and CEF as additional landmarks, we observed good correspondences between the RS-fMRI maps of humans and macaques. However, even after inclusion of the new landmarks, there were some clear differences between the transformed and native maps. For example, the macaque-to-human transformation showed strong functional connectivity in and around the superior frontal sulcus that was absent in the human FEF resting-state connectivity map. In addition, the human-to-macaque transformation exhibited weaker connectivity in and around the principal sulcus than the macaque connectivity map. The spatial correlation values (Table 1) were within the range seen between individuals of the same species (Shehzad et al. 2009; Hutchison et al. 2011a Hutchison et al. , 2011b .
Functional connectivity of FEF with posterior cortical areas. Our data also show strong positive correlations of the left and right FEF seeds with posterior cortical areas in both macaques and humans. Like the connectivity pattern in frontal cortical areas, the posterior correlations largely reflect what we know from traditional tracer studies about the anatomical connectivity of the FEF in monkeys (Barbas and Mesulam 1981; Huerta et al. 1987; Stanton et al. 1995) . Huerta et al. (1987) found only sparse connections of FEF with cortex in the sylvian fissure but extensive and dense connections with cortex in the caudal one-third to one-half of the superior temporal sulcus and dense projections with the lateral bank of the intraparietal sulcus. A more detailed tracer study by Stanton and colleagues reported labeling in areas VIP, LIP, 7a, 7b, PE, 7m, MST, MT, fundus of the superior temporal sulcus (FST), TE, V2, V3, and V4 following tracer injections in different FEF regions (Stanton et al. 1995) . We found prominent negative correlations with areas in the sylvian fissure and strong positive correlations in the previously identified connected posterior cortical areas.
Although the functional connectivity of FEF with posterior cortical areas is in good agreement with tracer studies, there is also a notable difference. While FEF was positively correlated with activity in areas 23, 29, and 30, Morris et al. (1999) demonstrated that FEF is not monosynaptically connected with these areas. Instead, retrosplenial areas 29 and 30 and posterior cingulate area 23 are connected with areas 9/46 and 46 in the prefrontal cortex. This supports previous findings that part of the networks identified by functional connectivity analysis are polysynaptic Hutchison et al. 2011b) .
In humans, we found positive correlations in the intraparietal sulcus, posterior central sulcus, parieto-occipital sulcus, upper superior temporal sulcus, and cingulate sulcus marginal ramus. The strongest two foci were in the superior parietal lobule and in the inferior parietal lobule. The projection of the human map on the macaque map and vice versa supports earlier suggestions that the putative human homolog of macaque LIP lies medial to the intraparietal sulcus, within the superior parietal lobule (Koyama et al. 2004 ). These projection maps (Fig. 7) also show that the functional connectivity of FEF with parietal regions was much stronger in human subjects than in the macaque monkeys.
Contralateral functional connectivity of FEF in humans and macaques. Our analysis also showed strong positive contralateral correlations for both hemispheres in macaques. This was also found in the right hemisphere in humans, although the left hemisphere FEF seed did not show such strong contralateral connectivity. On first sight, this is somewhat unexpected given that a histological tracer study in macaques found that monosynaptic connections of FEF are virtually limited to regions that correspond to FEF and SEF in the contralateral hemisphere (Huerta et al. 1987) . However, since the BOLD signal in FEF is strongly correlated with contralateral FEF, which in turn is positively correlated with posterior cortical regions in the same hemisphere, one would expect to also find positive correlations of FEF with contralateral posterior cortical areas. Indeed, Fig.  2A shows some weak positive correlations of left FEF with right FEF in humans and very little positive correlations with posterior areas in the right hemisphere, whereas right FEF was more strongly correlated with left FEF and also with left posterior cortical areas (Fig. 2B) . This finding supports the notion that RS-fMRI does not simply reflect monosynaptic connectivity. Resting-state investigations of both species commonly report the strongest connectivity between homologous structures of each hemisphere (Beckmann et al. 2005; Biswal et al. 1995; Damoiseaux et al. 2006; Vincent et al. 2007; Hutchison et al. 2011a Hutchison et al. , 2011b . The present results appear in contradiction to this notion, indicating stronger intrahemispheric frontal and parietal connectivity with the FEF seed than with contralateral homologous FEF. However, left-and rightlateralized fronto-parietal networks have been reported across multiple human RS-fMRI studies (Beckmann et al. 2005; Damoiseaux et al. 2006; Jafri et al. 2008; Liao et al. 2010; Van den Heuvel et al. 2008) . The asymmetry in correlation strength between left and right FEF seeds with the contralateral hemispheres might reflect the stronger lateralization in humans than in monkeys. This is consistent with the general evolution to increased functional specialization in humans. Recently, eventrelated fMRI showed strong contralateral activations in monkeys, which were significantly weaker in putative human homologs, while the asymmetry between the hemispheres was stronger (Kagan et al. 2010) .
Comparison with previous task-based fMRI studies in humans and macaques. Early clinical studies with patients after brain damage due to stroke or surgical tissue removal for relief of intractable epilepsy (Braun et al. 1992; Gaymard et al. 1998; Guitton et al. 1985; Pierrot-Deseilligny et al. 1995; Walker et al. 1998) as well as positron emission tomography studies (Anderson et al. 1994; Fox et al. 1985; O'Driscoll et al. 1995; Paus et al. 1993; Petit et al. 1996; Sweeney et al. 1996) have provided evidence for a role of frontal and parietal brain areas in the control of saccades. However, with the advent of fMRI a more detailed mapping of the regions subserving saccades in humans has become possible. In a landmark study, Luna and colleagues employed fMRI to localize saccade-related activation in a blocked visually guided saccades vs. fixation paradigm in human subjects (Luna et al. 1998) . The study identified two foci in the FEF, one in the superior precentral sulcus and one in the inferior precentral sulcus. Luna and colleagues further localized the SEF in the medial wall and reported activation in the superior and inferior parietal lobule and in the precuneus. Virtually the same activation pattern has been reported by numerous subsequent fMRI studies, including studies that compared saccade tasks with different demands, e.g., antisaccades versus prosaccades (Brown et al. 2007; Connolly et al. 2000 Connolly et al. , 2002 (Brown et al. 2004; Curtis and D'Esposito 2006; Curtis et al. 2004; Schluppeck et al. 2006) . In addition to the areas described by Luna and colleagues, several of these studies have also reported higher activation in the middle frontal gyrus and inferior frontal sulcus for the more difficult tasks, while others have reported activation in the ACC.
In macaques, Koyama et al. (2004) found larger activation for visually guided saccade blocks than fixation blocks in the arcuate sulcus, corresponding to FEF, in LIPv/VIPm, area 5, AIP, V3, and V5. The study also reports some activation in posterior principal sulcus and no activation in the SEF, which the authors attributed to the simplicity of the saccade task. Interestingly, the FEF activation extended into the premotor area (Brodmann area 6) and the spur of the arcuate sulcus. In a similar design, Baker et al. (2006) found activations in LIP, VIP, 7a, posterior intraparietal area (PIP), MIP, MDP, V4, MT, MST, FST, V1, FEF, and area 46. In a comparison of antisaccades with prosaccades in macaques, Ford and colleagues found higher activation for antisaccades in the prefrontal cortex, FEF, LIP, and ACC (Ford et al. 2009) .
A brief review of these task-based human and macaque fMRI studies illustrates a surprising similarity between the maps obtained from our RS-fMRI connectivity analysis of FEF and task-based fMRI studies. It is tempting to speculate that task-based fMRI may only pick up task-related differences in activation between areas that are part of the same resting-state network. This might explain why fMRI task maps for an array of tasks such as saccades vs. fixation, antisaccades vs. prosaccades, memory-guided saccades vs. fixation, and attend vs. ignore look so remarkably similar.
Limitations. At both field strengths used in the present study (3 and 7 T), the spatial specificity of functionally connected regions is compromised by intra-and extravascular BOLD changes in the cortical cerebral veins and larger pial veins (Duong et al. 2003; Gati et al. 1997; Menon et al. 1993) . The greatest contributor to imperfect mapping at this resolution is likely the venous sinuses. This represents a fundamental limitation in all resting-state investigations employing gradientecho EPI even with first-order venous vessel suppression (Menon 2002) . The increase in the point spread function can be further exacerbated by spatial smoothing and normalization. However, at our level of region identification and with the calculation of group averages we believe the vascular mapping to be an appropriate reproduction of the underlying functional anatomy. RS-fMRI connectivity mapping is further corroborated by electrophysiological studies showing saccade-related activity across many of the identified network areas (Johnston and Everling 2008; Wurtz and Goldberg 1989) .
Seed-based analysis for connectivity mapping is a widely used approach in RS-fMRI investigations. It offers simplicity, sensitivity, and ease of interpretation, revealing the network of regions most strongly connected with the seed (Cole et al. 2010; Fox and Raichle 2007) . However, the approach suffers from several inherent limitations. The resulting maps are dependent upon a priori defined seed size, shape, and location. Spatial smoothing and misalignment of functional areas during intersubject registration can further compound the errors in seed selection. In the present study, the spherical seed region likely encroached on cortex outside the FEF of both species including the posterior bank of the principal sulcus. The time course used in the regression analysis can then contain temporal contributions from other adjacent areas. Although this can affect the resulting connectivity maps, the seed was not constrained to the cortical ribbon of each subject for several reasons. First, if the sphere is centered correctly the contributions will be weakest from adjoining areas, as the greatest percentage of voxels will come from the functional area of interest. Second, the sphere allows a trade-off-ensuring that the FEF is included within the seed and allowing a margin of error for intersubject variation in the functional representation and misalignment during normalization. Finally, previous taskbased fMRI investigations in both humans (Amiez et al. 2006; Brown et al. 2004; Ford et al. 2005; Luna et al. 1998; Paus 1996) and monkeys (Baker et al. 2006; Ford et al. 2009 ) have reported a relatively large volume of activation in response to eye movement tasks that can extend beyond the traditionally defined FEF region.
Hypothesis-independent techniques such as independent component analysis (ICA) have been applied to resting-state data of both species (Beckmann et al. 2005; Damoiseaux et al. 2006; Hutchison et al. 2011a; Jafri et al. 2008; Liao et al. 2010; Moeller et al. 2009 ; Van den Heuvel et al. 2008 ) that circumvent some of the limitations of seed-based analyses. The differences in the approaches have been discussed in several review articles (Auer 2008; Cole et al. 2010; Fox and Raichle 2007; van den Heuvel and Hulshoff Pol 2010) , and in-depth comparison of methodologies is beyond the scope of this paper. Briefly, ICA is able to extract functional networks by maximizing the statistical independence between components and does not require an explicit model or voxel to be specified (McKeown et al. 1998 ). As mentioned above, the left and right human FEF maps closely resemble the left-and right-lateralized fronto-parietal networks revealed with ICA (Beckmann et al. 2005; Damoiseaux et al. 2006; Jafri et al. 2008; Liao et al. 2010 ; Van den Heuvel et al. 2008) . However, the networks are not identical, and positively connected areas such as the central sulcus, postcentral sulcus, and precuneus are not included in the ICA lateralized networks even when ICA is applied to the present human data set (results not shown). Negatively connected areas are also absent. When ICA was applied to the present macaque data (Hutchison et al. 2011a) , multiple independent resting-state networks were found, including a bilateral fronto-parietal network. Similar to what was observed in human subjects, the seed-based FEF network also encompassed regions associated with other resting-state networks such as the precentral-temporal and posterior-parietal networks including the precuneus. Negative correlations were also absent. A direct comparison of group ICA-derived and seedbased connectivity measures is not straightforward, owing to the differences in preprocessing (prewhitening and dimensionality reduction vs. confound regression) and their underlying theory (Joel et al. 2011) . ICA also requires a prediction about the number of underlying sources in the data, and increasing this model order can split a network into smaller subnetworks (Abou-Elseoud et al. 2010; Smith et al. 2009 ). Therefore, ICA and seed-based RS-fMRI analysis are both useful in examining RS-fMRI functional connectivity but differ in the types of questions they can answer. The latter was used in the present study as it identified the brain regions functionally connected with the selected FEF seed (Cole et al. 2010 ) and simplified interspecies comparisons.
Conclusion. Our findings demonstrate that RS-fMRI is a useful approach for comparing functional cortical connectivity between macaques and humans. At least in the saccadic eye movement system, the good concordance of homolog areas between humans and macaque monkeys and the possibility of projecting a transformed human fMRI map on a macaque brain may allow human fMRI studies to directly guide studies in macaques. 
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